INTRODUCTION
============

AFB1 is one of four toxic, secondary metabolites produced by the food spoilage fungi *Aspergillus* particularly *A. flavus* and *A. paraciticus* ([@b4])*.* The aflatoxins are highly carcinogenic agents, and AFB1 is listed as a carcinogen of group 1 by the International Agency for Research on Cancer ([@b4],[@b8]). Toxic and carcinogenic effects of AFB1 are thought to be related to its metabolism by cellular enzymes. Oxidative derivatives produced from the metabolism of AFB1 include hydroxylated species such as AFM1 as well as covalent macromolecular adducts with DNA and proteins. Biological consequences of oxidative metabolism of AFB1 range from cellular transformation to cell death ([@b8],[@b13]).

Food and Agricultural organization (FAO) estimated that as much as 25% of the world's agricultural commodities are contaminated with mycotoxins, leading to significant economic losses ([@b10]). The prevention of aflatoxin contamination prior to harvest or during post-harvest and storage is not always possible, necessitating decontamination before the use of such materials for food and feed use ([@b3],[@b10],[@b15]). Various detoxification procedures play an important role in helping prevent exposure to the toxic and carcinogenic effect of aflatoxins. Detoxification of aflatoxins is achieved by removal or elimination of the contaminated commodities or by inactivation of the toxins present in these commodities by physical, chemical, or biological methods ([@b10],[@b18]). Blending of certain mycotoxin-contaminated raw materials to produce a final blended feed below the critical level of contamination is permitted, with some limitations, in several countries ([@b6],[@b21]). However, detoxification of products by chemical treatments is not allowed in the European Union, also, the mixing of contaminated products with good quality products is prohibited ([@b10]).

Despite much public debate on the safety of irradiated foods ionizing radiation is becoming more frequently used in the sterilization of a wide variety of foods ([@b10],[@b16]). In 1980 the JECFI indicated that irradiation of any food commodity up to an average dose of 10 kGy causes no toxicological hazards and no special microbiological or nutritional problems ([@b10]). As well as proving useful in the post harvest control of mycotoxins in storage through prevention of mould growth and subsequently prevention of mycotoxin formation, ionizing radiation has been investigated as a method for the degradation of mycotoxins, including aflatoxins, with conflicting results depending on the matrix and the experimental setup ([@b10],[@b11],[@b14]).

The purpose of the present study was to assess the effect of gamma radiation on the breakdown of AFB1 in several food and feed products following inoculation, in the lab, of these products with a strain of *A. flavus* known to produce aflatoxin B1.

MATERIALS AND METHODS
=====================

Inoculation with the fungus
---------------------------

A strain of *A. flavus* known to produce aflatoxin B1 was grown on PDA for 10 days at 27°C. Samples (100 g) of food (rice, pistachios, peanuts and corn), and feed (wheat , corn and bran) were Placed in 1 L flasks and wetted with 15 ml of water. The samples were sterilized in an autoclave (at 100°C and under 15 bar pressure) and inoculated with 10^6^ spore suspension (2 ml) of the fungus *A. flavus*. Inoculated samples were left for 10 days at 27°C to allow for fungus growth. Following inoculation with the fungus each food and feed sample was mixed thoroughly in order to obtain homogeneity.

Irradiation with gamma ray
--------------------------

Following thorough mixing, each sample was divided into 25 g sub-samples, each of which was placed in transparent plastic bags . Samples were irradiated in a gamma chamber which has ^6O^Co as the radiation source (Issledo-vatel UNIT MAX-1; Atomic Energy Commission of Syria). The radioactivity of the source was 2.51 KCi, and the dose rate at irradiation was 1.449 kGy hr^-1^ and irradiation was performed at 28°C± 2°C. Doses of radiation applied were 4, 6, and 10 kGy. The experiments were done on three replicates for each radiation dose and for each food and feed sample. Three control replicates were assigned for each irradiation dose.

Aflatoxin extraction and clean up
---------------------------------

AFB1 was extracted from food and feed samples using the method described in by De Gastro and Vorgas ([@b7]) with some modifications. Samples were ground to 20 mesh. Three hundred ml of chloroform and 10 ml of distilled water were added to twenty five grams of ground sample. The mixture was homogenized in an Omni Mixer (IKA, Germany), and filtered through a No. 4 filter (Whatman). Anhydrous sodium sulphate (20 g) were added to the filtrate which was passed once more through a filter paper (no. 4). A hundred ml of the filtrate was partially evaporated using a rotary evaporator (BUCHI, Switzerland). The evaporate was transferred into a 5 ml bottle evaporation flask was rinsed with chloroform which was added to the evaporate. The sample was evaporated to complete dryness using a stream of nitrogen. The sample was reconstituted in 5 ml of chloroform.

Clean-up of samples from oil-crops (i.e. corn peanuts and pistachios) was performed according to CAMAG method using a silica gel cartridge ([@b5]). The silica cartridge was conditioned by passing 6 ml of toluene : acetonitrile (98:2, v:v). The extract was applied to the surface of the silica cartridge and was washed with 20 ml of toluene: acetic acid (9:1, v:v), followed by 20 ml of hexane : diethylether : acetonitrile (6:3:1, v:v). Aflatoxin B1 was eluted from the cartridge using 6 and 8 ml of dichloromethane : acetone (3:1, v:v). The sample (15 ml) was concentrated using a stream of nitrogen and the final volume was adjusted to 2 ml.

Aflatoxin recovery using the above method on corn sample (3 replicates) spiked with 20 ppm of aflatoxin B1 was 80%.

Aflatoxin quantification
------------------------

AFB1 was quantified using TLC according to CAMAG method ([@b5]). Samples were applied on an F254~nm~ TLC plate (CAMAG, Switzerland) together with known concentrations of standard solution of Aflatoxin B1. TLC plates were developed using a mixture of chloroform : acetone: water (88:12:1.5, v:v). The presence of aflatoxin B1 in the samples was detected using a TLC scanner (CAMAG, Switzerland) at a UV wave length of 254 nanometer. Concentration of aflatoxin was estimated from a calibration curve created by measuring the absorbance at 254 nanometer of known concentrations of aflatoxin standards.

Statistical analysis
--------------------

StatView statistical Program ([@b1]) was used to analyze the statistical significance of experimental data. Results of aflatoxin concentrations in analyzed samples were subjected to ANOVA using Fisher's LSD.

RESULTS AND DISCUSSION
======================

The effect of gamma radiation on the breakdown of AFB1 in food products inoculated with a strain of *A. flavus* known to produce aflatoxin B1 was studied. Concentrations of AFB1 produced two weeks following inoculation with *A. flavus* differed significantly (p≤0.01) between inoculated food products. The highest concentration of AFB1 was found in peanuts at 16 mg kg^-1^ which was significantly different (p≤0.01) than AFB1 concentrations found in other tested crops whereas, the lowest concentration of aflatoxin B1 was produced in corn at 6.6 mg kg^-1^ . NO significant difference in AFB1 concentrations between peeled and unpeeled pistachios was found, nor was there any significant difference in AFB1 concentrations found in corn and rice crops. The rate of growth of toxin-producing fungi and aflatoxin production depends generally on the prevailing physical, biological biochemical and environmental conditions ([@b12]). However, in the present work all physical and environmental conditions were fixed for all inoculated food products since inoculation was conducted in the laboratory on sterilized samples and under temperature controlled environment. Hence, the difference in aflatoxin production between various commodities may be related to biochemical conditions within each commodity. It was found that the source of carbohydrates available to *A. flavus* greatly influences aflatoxin production ([@b22]).

In all tested commodities a positive correlation was found between the increase in doses of gamma radiation applied to the commodity and the level of breakdown of AFB1 present in this commodity, however, the maximum achievable level of aflatoxin breakdown varied between tested food products. In peanuts and at 10 kGy of gamma radiation the highest achievable level of aflatoxin breakdown was only 58% of the total amount initially present. It was significantly (p≤0.01) higher than the levels of breakdown achieved by the doses of 6 and 4 kGy which were 28.5% and 8%, respectively. In peeled pistachios there was no significant difference in aflatoxin degradation between the dose 4 kGy and that of the control treatment (dose 0 kGy), however, percentages of aflatoxin B1 degradation at the doses 4, 6, and 10 kGy were significantly different averaging at 9.3, 32 and 69%, respectively. The highest level of aflatoxin degradation in unpeeled pistachios (85%) was significantly higher (p≤0.01) than that in peeled pistachio (69%). This may be explained by the fact that in unpeeled pistachios most of fungal growth was limited to the surface of the peel and limited amount of *A flavus* growth managed to enter into the kernel itself. This meant that most of produced aflatoxin was not embedded in the kernel which made the breakdown of aflatoxin by gamma radiation easier.

In corn samples, significant degradation of aflatoxin (p≤0.01) was observed between samples irradiated with 6 and 10 kGy compared to non-irradiated samples however, no significant difference was observed when samples were irradiated with 4 kGy. Irradiation of rice samples resulted in most pronounced effect of radiation on AFB1 degradation. At 4, 6, and 10 kGy, levels of AFB1 were significantly (p≤0.01) reduced to 4.8, 3, and 1 mg Kg^-1^, compared to 8.6 mg Kg^-1^ in non-irradiated samples, with maximum percent degradation of 88% at 10 kGy dose.

Several studies on the effect of gamma rays on aflatoxin degradation have been conducted with conflicting results. Hooshmand and Klopfedtein ([@b11]) reported that a dose of 20 kGy did not significantly affect AFB1 in any of the wheat, corn and soybean samples tested. Similarly doses of 15, 20, and 30 kGy of gamma radiation resulted in the destruction of 55--64% only of AFB1 in peanut samples ([@b14]). In a study on the effect of gamma radiation on the breakdown of AFB1, it was found that 10 kGy of gamma radiation was sufficient to breakdown AFB1 completely in contaminated corn samples ([@b2]), whereas, results reported in the present study showed that at 10 kGy the maximum achievable percentage of AFB1 breakdown in corn samples was 80% ([Table 1](#tbl1){ref-type="table"}). This difference between the above two studies in aflatoxin degradation at 10 kGy may be related to the amount of AFB1 present in the sample before irradiation. Aquino *et al.* ([@b2]) used in their study naturally contaminated corn samples which contained on average 2.2 mg Kg^-1^ of AFB1, whereas, in the present study corn samples were artificially inoculated and the concentration of AFB1 in the samples before irradiation averaged at 6.6 mg Kg^-1^. Both studies used TLC to separate AFB1 from the rest of the sample and, in the case of Aquino *et al.* study ([@b2]) AFB1 was quantified using UV spectrophotometer, whereas, in the present study, a TLC scanner was used for the same purpose. It is possible that in the above mentioned study ([@b2]) the amount of AFB1 left in the sample following irradiation with 10 kGy of gamma rays dropped below the detection limit of the UV spectrophotometer considering the initial amount of AFB1 present in the sample prior to irradiation (the highest amount reported of AFB1 was 2.59 mg Kg^-1^). The detection limit reported in Aquino *et al.* study ([@b2]) was 2 μg Kg^-1^. AFB1 extraction procedures used by Aquino *et al.* ([@b2]) was according to the method reported by Soare and Rodrigues-Amaya.([@b19]) and Sekiyama *et al.* ([@b17]) with one major modification, i.e. the reduction of sample size from 50 g to 25 g ([@b2]). Using only half the recommended sample size ([@b2]), and baring in mind that the extraction procedures end up using only a quarter of the original sample ([@b17],[@b19]), it is, therefore, conceivable that in Aquino *et al.* study ([@b2]) exposing samples to 10 kGy of gamma radiation has resulted in the amount of AFB1 dropping to levels below the 2 μg Kg^-1^-detection limit reported by the above study ([@b2]) leading to the stated conclusion that AFB1 was completely destroyed by the application of 10 kGy of gamma radiation ([@b2]).

###### 

Effect of gamma radiation on aflatoxin degradation in feed products.

  Radiation Dose (kGy)   Aflatoxin co ncentration (mg kg^1^) ± S. D. (% degradation)                            
  ---------------------- ------------------------------------------------------------- ------------------------ -----------------------
  0                      A6.41 ± 0.61d                                                 B6.67 ± 0.7c             B9.62 ± 0.56c
  4                      A3.52 ± 0.29c(45.04%)                                         A3.53 ± 1.05b(52.94%)    B6.63 ± 1.24b(31.21%)
  6                      A2.15 ± 0.14b(66.19%)                                         A1.63 ± 0.68ab(75.54%)   A2.68 ± 1.00a(72.11%)
  10                     A6.65 ± 0.10a(89.86%)                                         A0.9 ± 0.1a(86%)         B1.52 ± 0.2a(84.23)

Numbers within each column followed by different small letters are significantly different (p\<0.01);

Numbers within each row followed by different capital leteers are significantly different (p\<0.01).

[Table 1](#tbl1){ref-type="table"} shows the effect of gamma radiation on AFB1 degradation in feed samples. The concentration of AFB1 in feed samples two weeks following inoculation with *A. flavus* was 6.3, 6.7, and 9.6 for barley, bran, and corn respectively. Similar to food samples, degradation of AFB1 in feed samples increased proportionally with the increase in the dose of gamma radiation. At 10 kGy the highest percentage of AFB1 degradation was achieved reaching 90, 86, and 84% for barley, bran, and corn, respectively ([Table 1](#tbl1){ref-type="table"}).

In oil-crop food samples (i.e. corn, pistachios, and peanuts), a negative correlation was observed between percentage of oil content of these crops and percentage of AFB1 degradation. Percentage of oil content in those crops was estimated based on the weight of the solvent extractable oil during aflatoxin extraction related to the weight of the sample before extraction. Thus, percentages of AFB1 degradation at 10 kGy was 80%, 69%, and 58%, corresponding to percentages of oil content of 16%, 32%, and 38% for corn, pistachios, and peanuts, respectively ([Fig. 1](#fig1){ref-type="fig"}).

![Correlation between oil content in food oil- crops and aflatoxin B1 degradation.](bjm-39-787-g001){#fig1}

In the present study we were unable to identify the breakdown products of AFB1 as a result of gamma irradiation, nor was it possible to study the toxicity of these products. However, a study on the effect of gamma radiation on the breakdown of AFB1 in water solution using Ames microsome mutagenicity test as an indicator of AFB1 breakdown to a non-genotoxic product showed that a dose of 10 kGy of gamma radiation resulted in a total destruction and loss of toxicity breakdown product of AFB1 ([@b20]). Moreover, a study on chemical degradation of AFB1 produced by a culture of *A. parasiticus* using hydrogen peroxide showed that the main degradation product of AFB1 was non-fluorescent on TLC plate when exposed to UV light, and was not toxic for ducklings at an oral dose as high as 400 micrograms per 50 g body weight, nor did it have any mutagenic effect on *Salmonella typhimurium* using the Ames microsome mutagenicity test ([@b9]).

From the results presented in the present study, it can be concluded that it is possible to use gamma radiation, within the maximum permitted dose, as a means for breakdown of AFB1 in contaminated food and feed stuff to below the maximum permitted levels. The degree of breakdown of AFB1 in food and feed varies according to the commodity and it may be related to oil content in oil crops.

RESUMO
======

Efeito da radiaçâo gama na inativaçâo de aflatoxina Bl em alimentes e raçâo
---------------------------------------------------------------------------

Amostras de alimentos (amendoim, pistache descascada, pistache com casca, arroz e milho) e de ração (cevada, farelo de trigo e milho) foram esterilizadas por autoclavação e inoculadas com uma suspensão de esporos (10^6^) de um isolado de *Aspergillus flavus* produtor de aflatoxina B1 (AFB1). Após incubação por 10 dias a 27°C para multiplicação do fungo, as amostras foram irradiadas com radiação gama nas doses de 4, 6 e 10 kGy. Os resultados indicaram que a degradação da AFB1 correlacionou-se positivamente com o aumento da dose de radiação gama. As porcentagens de degradação da AFB1 foram mais altas na dose de 10kGy, obtendo-se valores de 58,6, 68,8, 84,6, 81,1 e 87,8% para amendoim, pistache descascada, pistache com casca, milho e arroz, respectivamente. Nas rações, as porcentagens de degradação de AFB1 foram 45, 66 e 90% para cevada, 47, 75 e 86% para farelo de trigo e 31, 72 e 84% para milho, nas doses de 4, 6 e 10 kGy, respectivamente. A degradação de AFB1 correlacionou-se negativamente com o teor de gordura nas amostras irradiadas. Assim, em amendoim, que apresentou o teor de gordura mais alto, a porcentagem de degradação com 10 kGy foi inferior a 56,6%, enquanto o valor correspondente em milho, que apresentou o teor de gordura mais baixo, foi de 80%. Os resultados indicam a possibilidade de uso da radiação gama como meio de degradação de AFB1 em alimentos e ração a níveis inferiores ao máximo permitido.
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